The unique and interesting aggregation behaviors of a novel surfactant-encapsulated complex (SEC), composed of a Keggin-type polyoxometalate (POM), phosphotungstic acid and a redox-responsive ferrocene-containing cationic surfactant, dimethyldioctadecylammonium bromide (BFDMA), have been investigated in N,N-dimethylformamide (DMF)/butanol mixed solvent. By carefully tuning the composition of the solvent, hollow spherical aggregates with multilayered shells were initially observed with a diameter of 55 AE 9 nm using transmission or scanning electron microscopes. Owing to the solvophobic effect and p-p stacking interaction between alkyl chains or ferrocene groups, these spherical aggregates were found to gradually fuse together into aggregates with flower-like and finally compartment-like morphologies with an average size of 120-150 nm. Based on X-ray diffraction measurements and the molecular configuration data of SEC, the multilayers in aggregates were 
Introduction
A variety of stimuli-responsive amphiphilic molecules with particular physical and chemical properties have been designed by bridging a series of functional units including unsaturated units, chiral groups, stimuli-responsive groups and so on.
1-3
Their self-assemblies formed in solution have exhibited attractive application potentials for photorheological uids, novel materials and drug delivery. [4] [5] [6] By a supra-molecular strategy, through various noncovalent interactions like electrostatic or charge-transfer interactions, hydrogen bonding, van der Waals forces, p-p stacking, etc., the assemblies could be imparted with characteristics of versatility, exibility, and reversibility.
7-9
Among them, surfactants containing a ferrocene group have been frequently used due to their excellent redox-responsive character and perfect processability, which allow them to be widely employed in electrochemistry, liquid-crystalline materials, and sensing. [10] [11] [12] [13] Through an anodic electrochemical stimulus, the ferrocene group can be oxidized to a hydrophilic ferrocenium cation. Switching the oxidized and reduced states of the ferrocene group may help tune both the amphiphilicity and also the charges of surfactants.
14 Polyoxometalates (POMs) are clusters formed by transition metals in their highest oxidation state linked together by share oxygen atoms to form discrete anionic metal-oxide nanoclusters. 15, 16 They are becoming intriguing building blocks for functional materials owing to their well-dened nanostructures and excellent physicochemical nature like conducting, magnetic, medicine and catalytic properties. [17] [18] [19] [20] Meanwhile, as negatively charged building units, the POM clusters can be encapsulated by appropriate counterions, such as the cationic surfactant, to form organic-inorganic hybrids, which could be used to provide new paths to prepare novel nanoarchitectures. 21, 22 For examples, the onion-like multilayered aggregates of surfactant encapsulated complex (SEC) of POM have been reported by Wu and his coworkers by controlling the solvent polarity. 23 Similarly, Wang et al. 24, 25 have also obtained SEC aggregates with various morphologies like disk, cone, tube and sphere through controlling the POM surrounding conditions and choosing the appropriate solvent systems. By covalently graing different alkyl chains onto the Mn-Anderson type POM cluster, Cronin et al. have obtained sea urchin-like hydrophobic assemblies. Some interesting physical properties like the gel to liquid-crystalline phase transition were observed. Meanwhile, Cronin and Liu's groups reported the vesicle-like aggregates formation from a C 16 surfactant encapsulated POM hybrid with the hydrophilic POM facing the outside surface while the hydrophobic C 16 alkyl chains towards inside. Then, Liu et al. observed the reverse-vesicle like aggregates through manipulating the solvent polarity.
26-28
Besides, Kurth and Faul et al. have managed to use the europiumexchanged derivative of POM as well as the surfactants with single, double, or even three chains to fabricate hybrid functional materials by ionic self-assembly route. The interactions between functional groups in surfactants with POM could inuence the site symmetry of Eu 3+ in different ways. 29 In addition, a variety of research works related to the self-assembling of SEC into other different morphologies have been reported such as LangmuirBlodgett lms, 30 rose ower or snow ower-like aggregates. 31 The fabrication of stimuli-responsive SEC self-assemblies has also attracted much attention. By covalently graing the azobenzene (Azo) group onto the Mn-Anderson-type cluster, Wu et al. obtained a novel photo-responsive SEC aggregates with a berlike morphology in Azo trans state and a spherical structure upon UV irradiation. Then, by covalently graing the redox-responsive ferrocene group to the Anderson-type POM, the SEC exhibited amphiphilicity and redox-responsibility, which made them selfassemble into spherical aggregates in organic solvents and changed by a redox modulation. 32, 33 It is interesting to nd that most redox SECs were constructed through a donor-acceptor interactions to prepare charge-transfer salts. 34, 35 Otherwise, the ferrocene groups were covalently bonded with POM clusters.
36
However, we have not found the preparation of SEC directly by using ferrocene-containing surfactant through weak noncovalent interactions.
For this motivation, we have synthesized a redox-responsive ferrocene-containing cationic surfactant, 37 dimethyldioctadecylammonium bromide (BFDMA) with its chemical structure shown in Fig. 1 . Through the electrostatic interaction, BFDMA could encapsulate a polyoxometalate with a Keggin-structure, phosphotungstic acid (H 3 [PW 12 O 40 ]), to form SEC. With the synergetic effects of solvophobic and p-p stacking interactions, the aggregate with compartment-like morphology was nally produced in the mixed organic solvent, DMF/butanol. Such aggregates exhibited the redox-responsive property and could be disassembled into irregular spheres through electrochemical triggering. However, upon applying a reduction potential, the compartment-like aggregates with multilayered shells could be restored. Such redox-responsive aggregate might be considered as a reversibly smart host to tune the guests loading and releasing through electrochemical method. 
Experimental

SEC aggregate sample preparation
To prepare the self-assembly of SEC, it was rst dissolved in its good solvent, such as N,N-dimethylformamide (DMF). Then, this transparent solution was dropped into a kind of poor solvent for SEC like butanol to induce the aggregation and the nal concentration of SEC was 0.53 mg mL À1 . Several combinations of good and poor solvents were investigated including tetrahydrofuran/methanol and chloroform/methanol systems. All samples in this work were prepared and annealed at 25 C.
Characterization
The morphology, size and other ne structures of SEC supramolecular aggregates were characterized by using a Hitachi 100CX-II transmission electron microscope (TEM) operating at 100 kV and HRTEM (JEOL-2010) with an accelerating voltage of 200 kV. The samples were prepared on a carbon lm coated copper grid by a dip coating technique. The excess sample solution was removed with a lter paper. The scanning electron microscopy (SEM) investigations were performed on a JSM-6700F SEM system (operated at 3.0 kV). To gain the three-dimensional morphology of the aggregates, the sample solution was dropped onto a clean silicon wafer and drying for 24 h. Before examination, the dried sample was coated with a thin layer of gold.
To character the precise structure of products and the electrostatic interaction between BFDMA and POM, 1 H nuclear magnetic resonance ( 1 H NMR) spectra were measured using the tetramethylsilane as an internal reference at 25 C and recorded on a Bruker AV-300 instrument. The deuterated dimenthylsulfoxide (DMSO) was chosen as the solvent. The Fourier transformed infrared spectroscopy (FT-IR) spectra from 400 to 3500 cm À1 that were measured by an Alpha-T spectrometer (Bruker) with a resolution of 4 cm À1 to character the effect of electrostatic interaction. Before examination, the solid sample was mixed with KBr powder and pressed into thin disks. UV/vis spectra were measured in a quartz cell by using a U-4100 instrument (Hitachi, Japan) to gain possible stacking manner of ferrocene rings and verify the oxidation of ferrocene groups. The length of the light path is 1 cm.
To obtain precise layer structure of aggregates, X-ray diffraction (XRD) patterns of dried SECs solid samples with particular shapes were obtained by a Rigaku D/max-2200/PC diffractometer with the tube voltage and current of 40 kV and 35 mA for Cu Ka radiation (l ¼ 0.15418 nm) at a scan rate of 10 min
À1
. The atomic force microscopy (AFM) images for the aggregated SECs were obtained in the tapping mode under ambient conditions by a Nanoscope IIIA from Digital Instruments. As for the preparation of the sample, a few drops of sample solution were placed on a freshly cleared silicon surface. Aer adsorption for 24 h, excess solution was removed by a lter paper.
The cyclic voltammetry (CV) measurements were performed in a single compartment cell at room temperature with a threeelectrode conguration using a CHI 650A electrochemical workstation. The Ag/AgCl electrode, a platinum plate and a platinum wire were respectively used as the reference, working and counter electrodes. The oxidation or reduction for aggregate transition was conducted under potentiostatic manner for 4 h.
Results and discussion
Structural characterization for SECs
The building block (SEC) for self-assembly here was prepared from a Keggin-type polyoxometalate (H 3 PW 12 O 40 , POM) and a ferrocene-containing cationic surfactant (BFDMA) by the electrostatic interaction. The obtained SEC was found not to dissolve in water, but soluble in organic solvents such as chloroform, THF and DMF. Therefore, the hydrophilic surface of POM should have been covered by the hydrophobic alkyl chains from BFDMA, which also accompanied with a color change from yellow (BFDMA) to greyish-green (SEC) as shown in Fig. S1 . † To have more denitely and quantitatively information on SEC structure, the 1 H NMR and FT-IR spectra for SEC and individual BFDMA or POM have been measured with the results shown in Fig. 2 .
As can be seen from the NMR spectra shown in Fig. 2a , the resonance signals between SEC and BFDMA were similar to some extent. The characteristic hydrogen signals of ferrocene group (d ¼ 4.0-4.1 ppm) and alkyl chains from BFDMA (as indicated by the atom number shown in Fig. 1 ) were also clearly appeared in that from SEC, indicating that the integrated structure of BFDMA was remained during the encapsulation process. However, for SEC, the proton peaks of methyl and methylene groups of BFDMA (1 and 2 in Fig. 2a) were noted to slightly shi to low eld for about 0.08 and 0.32 ppm compared to those from free BFDMA, respectively. This phenomenon arises from the electrostatic interaction between the ammonium group of BFDMA and [PW 12 O 40 ] 3À . The immobilization of surfactant molecules on the surface of POM would reduce their mobility and cause the decrease of electron density around the N-CH 3 and N-CH 2 groups.
38-40
The existence and keeping of Keggin structure of POM in SEC could be certied from the characteristic vibration bands belonged to pure POM in FTIR spectrum of SEC shown in Fig. 1b Fig. 2b and S2 †) due to the electrostatic interaction between the terminal oxygen of POM and amino group of BFDMA, which also caused shis of other three bands. 42 The bands occurred at 2920 and 2848 cm À1 in SEC came from the anti-and symmetric stretching modes respectively of methylene group from the capped BFDMA. As well known, the frequencies of the CH 2 stretching bands are usually sensitive to the conformation of a hydrocarbon chains. Low frequencies of the bands are characteristic of a highly ordered alkyl chain, i.e., gauche conformers, in the hydrocarbon chain. [43] [44] [45] Therefore, referring to those from the crystalline BFDMA result (2918 and 2848 cm À1 in Fig. 2b) , the alkyl chains in the solid-state SEC were basically in a well-ordered trans-zigzag conformation with their molecular planes parallel to each other. The band at 1463 cm À1 shown in magnied FTIR spectrum (orange frame in Fig. 2b and S2 †) was from a CH 2 scissoring mode SEC. The little shoulder peak at 1479 cm À1 might belong to the interaction of the CH 2 groups with N + , which resulted in a charge distribution change of the carbon linked to N atom of SEC. 46 Meanwhile, the characteristic vibration bands of CH]CH from ferrocene group were also presented respectively at 3008 and 3093 cm À1 reecting their well keeping at the chain terminal in SEC. 41 Based on above analyses and the result of elemental analysis (see ESI †), the nal chemical formula of SEC could be described as (BFDMA) 3 PW 12 O 40 , where the inorganic block (POM) was capped by three cationic surfactant molecules on its surface through electrostatic interaction.
The self-assembling behavior of SEC
The coexistence of hydrophobic alkyl chains and hydrophilic POM clusters in SECs could make them amphiphilic and capable of self-assembling into onion-like or vesicle-like aggregates both in organic solvent and in solvent-free dried state. 23 However, in the solution with only a single solvent, though the aggregate formation has been conrmed by optical microscopy and dynamic light scattering measurements, it is oen impossible to get them stable in dried state due to fusion into layered structures during solvent evaporation. Usually, the addition of another stabilizing agent, like methanol or butanol, can further enhance the stability of SEC aggregates in solventfree state because these small polar molecules can improve the rigidity and the solvophobic interaction between alkyl chains. 24, 25 For these reasons, in our study here, we have developed a mixed solvent system of DMF/butanol at an optimized volume mixing ratio of 3 : 7 to construct stable SEC aggregates both in solution and in dried state.
As shown in Fig. 3 for TEM images of self-assembled SEC aggregates in DMF/butanol mixed solvent at different growth time, the nearly spherical vesicle-like aggregates with hollow interior and average size of 55 AE 9 nm were initially formed aer dispersing SEC for about 40 minutes (Fig. 3a and S3a †), and the diameter of the hollow interior was 20-30 nm. The enlarged image shown in inset of Fig. 3a indicated the multilayered structure of walls. These spherical aggregates have a strong tendency to fuse with each other at longer growth time. With the aggregation time extending to 1 h, the aggregate morphology was gradually evolved from the single vesicles-like to multicompartment ones (Fig. 3b and S3b †) with an average size of about 120 nm for the later. Meanwhile, as can be seen from Fig. 3b , these multicompartment-like aggregates present anomalous shapes, different from those with regular structures reported before. 47, 48 It was found that such a multicompartment-like morphology was extremely stable and shape-persistent even for days or months. Fig. 3c exhibits the high-resolution TEM observation result of these multicompartment-like aggregates. It was interesting to disclose that these aggregates were composed of several small vesicle-like sphericals with multilayered shells, which similar to those formed at the initial growth stage. From Fig. 3c and inset, it could be also found that the hollow interiors of small vesicle-like spheres crossed over each other, but they were separated by uniform multilayered walls with a layer spacing of 2.90 nm. In addition, the SEM image of these aggregates shown in Fig. 3d also clearly indicated a three-dimensional morphology of mixed small spherical components, indicating the fusion induced formation of the multicompartment-like aggregates.
To give further structure information on such aggregates, the AFM and XRD measurements were also used. Fig. 4a presents the AFM image on the morphology of multicompartment-like aggregate sample. Most of them were irregular spherical structures like those observed by SEM. From the section analysis prole shown in Fig. 4b , the diameter and height were measured around 174 nm and 12.3 nm, respectively. The former was a little larger than those observed by TEM. This might be resulted from the presence of un-assembled SECs, which might combine or deposit onto the already assembled aggregates during the sample drying process. The far larger diameter/ height ratio of about 15 reects the exible and so-binding property of the alkyl chain corona and the partial collapse of compartments onto the solid surface aer solvent evaporation, both of which should further lead to a attened morphology of the aggregates.
23
The multilayered wall structure of the aggregate was conrmed by XRD analysis. As can be seen from a typical result for a solvent-free sample shown in Fig. 5a, several [23] [24] [25] such a multilayered structure could be reasonably recognized as an parallel packed inverse SEC layers with POMs located in the middle while the BFDMA molecules located on both sides of the POM.
To conrm such an inverse layered packing of SEC, the optimized geometry of BFDMA was explored using the density functional theory (DFT) calculation carried out with a mixed basis set of LANL2DZ for Fe, and 6-31 G(d, p) for C, H and N atoms, 49 which was applied to evaluate the length of alkyl chain of single BFDMA molecule. All calculations were performed at the B3LYP level using the Gaussian 09 package. Fig. 5b shows the optimized geometries of this double chain surfactant with the length of about 1.71 nm for one chain including the quaternary ammonium headgroup and ferrocene group. Based on this result and the diameter of a single Keggin-type POM cluster (ca. 1.0 nm), 50 the ideal total thickness of a single layer of SEC with BFDMA in both sides could be estimated to be 4.42 nm, which is larger than the d-spacing obtained by XRD (2.87 nm). Therefore, an evidently interdigitated SEC layers was much probable for the observed wall structure, where the alkyl chains of BFDMA were interdigitated and packed in a high order with the ferrocene rings stacked each other.
Mechanism for multicompartment-like aggregate formation
To get a reasonable aggregation mechanism for above mentioned morphology evolution, the molecular packing of BFDMA molecules on the surface of POM and the possible rearrangement during aggregation should be claried. As well known, the Keggin structure of POM is composed of a PO 4 3À unit as heteroatom core and twelve WO 6 (M ¼ Mo, W, etc.) octahedrons as the shell, in which their edges and corners are shared to create a cage shape. 23 Therefore, when the SEC building block was formed, three BFDMA molecules were electrostatically drawn by the central PO 4 3À but separated by the W 12 O 36 cage (Fig. 6A) . Such a so binding model provides the possibility for surfactant molecules to reorganize on the W 12 O 36 surface corresponding to the particular environment condition change to achieve to the new thermodynamic equilibrium between non-covalent interactions. 51 As shown in Fig. 6 , in the mixed solvent here, the surfactant molecules on the POM surface adopted an asymmetrically distribution during the aggregation with two BFDMA on one side while another BFDMA on the other side to produce a curved layer (Fig. 6B) . Both the strong solvophobic effect among the alkyl chains and the nearly rod like building block shape induced the formation of vesicleslike aggregate with multilayered shells (Fig. 6C) . The vesicle wall was composed of one POM monolayer mediated surfactant bilayers with POM clusters inside and BFDMA chains outside, which has also been reported previously.
23,51 However, these aggregates exhibited different characters compared to those fabricated by conventional surfactants capped polyoxometalate where the spherical, nanotube-like and other morphologies could keep stable. In our situation, the obtained spherical hollow aggregates tended to coalesce to each other with time. During this process, the wall fusion of adjacent outside vesicles occurred to form a shell, while the vesicles inside kept stable (Fig. 6D) . We assumed that the wall fusion also occurred only mildly inside the aggregates. The outermost BFDMA layers containing ferrocene groups could easily contact with each other and the solvophobic effect between alkyl chains and p-p interaction between ferrocene groups would both enhance such fusion. However, the POMs sandwiched in the middle of SEC layers might hinder the further fusion between the inner alkyl chains. Then, the multicompartment-like aggregates with thin shell were nally obtained. It is interesting that such a tendency was more obvious in our study due to the capping molecule structure: the alkyl chains containing ferrocene groups rearranged to minimize the interfacial energy and tension between the hydrophobic parts with the solvent, and therefore the fusion of wall structure taken place. 
Redox responsibility of multicompartment aggregates
The reversibility of such redox-responsive self-assemblies of SEC was also investigated preliminarily by measuring their cyclic voltammetry (CV) behaviors with the results shown in Fig. 7 . The redox potentials of pure ferrocene sample were rstly measured as the internal standard (inset of Fig. 7a ). The CV proles of individual BFDMA and SEC dissolved in 0.1 M tetrabutylammonium perchlorate (TBAP) at concentrations of 0.24 and there were only two very tiny oxidized peaks (denoted by red circles) and a broad reduced peak. It was likely that the obviously electrochemical signals of POM occurred at the range beyond À1.0 to +1.0 V (vs. Ag/AgCl). However, the more obvious peaks associated with solvent breakdown might obscure the POM signals if applied more negative or positive potentials than AE1.0 V in our conditions, which was in much similar case to that as described by Cronin.
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To certify the supposed aggregation mechanism and test if the SEC aggregates were well redox-responsive, a potentiostatic method was carried out for SEC self-assembling system at a concentration of 0.53 mg mL
À1
. Upon applied an anodic potential (+0.81 V vs. Ag/AgCl) larger than the peak potential of ferrocene oxidation for 4 h, the ferrocene groups at the terminal of SEC was oxidized into positively charged ferrocenium as conrmed by the UV-vis absorption results shown in Fig. 8a . The absorption peak at about 430 nm corresponding to p-p* electron transition of ferrocene group in reduced state disappeared almost aer oxidation. Then, the decrease of solvophobic parts of SEC could cause the instability of aggregates and accelerate the disassembly of initially formed aggregates. Meanwhile, the applied anodic potential might also reduce the negative charges of POM. Both effects would synergistically destroy the original encapsulation by BFDMA and therefore the SEC block, which resulted in the disassembly of the multicompartment-like aggregate.
The corresponding TEM image for these disassembled aggregates shown in Fig. 8b indicated that they still presented the spherical morphology but with at a larger size of ca. 200 nm. These spherical aggregates resulted from the pseudo-bola amphiphilic molecules due to formation of solvophilic ferrocenium at the terminal of BFDMA chain. 54, 55 These newly produced solvophilic parts might swell more in solution and cause the aggregate size slightly increased. 56 On the other hand, the positively charged ferrocenium might increase the electrostatic repulsion between chains and lead to an incompact arrangement of the outside alkyl chains, which might also induce larger size aggregates. The reversibility of such redox-responsive self- This journal is © The Royal Society of Chemistry 2017 assemblies was also explored. Aer a cathodic reduction potential (À0.81 V vs. Ag/AgCl) was applied for 4 h, the absorption band at about 434 nm in UV-vis prole for re-reduced SEC in Fig. 8a could be again noted. The comparison of TEM images of multicompartment-like aggregates formed initially and restored was shown in Fig. S4 . † The decreased number of the restored aggregates implied a limited reversibility of this system.
Conclusions
In conclusion, the surfactant encapsulated complex composed of a Keggin-type POM and three BFDMA molecules containing redox-active ferrocene groups has been constructed through electrostatic interaction. Such supra-amphiphilic building blocks could be assembled into hollow spherical aggregates with multilayered shells in DMF/butanol mixed organic solvent at initial growth stage, which was promoted by the solvophobic effect between the alkyl chains of surfactant and their organized rearrangement around the exterior of the POM cluster. The unique inverse wall structure with ferrocene groups outside made it easy for these aggregates to fuse their outermost shell to form multicompartment-like aggregates with increasing aging time. Such a fusion was mainly driven by solvophobic effect and also by p-p stacking between ferrocene groups. These aggregates were stable both in solution and in dried status. However, applying an anodic oxidation potential, the multicompartmentlike aggregates were disassembled to form larger spherical aggregates due to the reduction of solvophobic effect by the additional electrostatic repulsion among newly produced positively charged ferroceniums. To recover the multicompartmentlike aggregates, we just need to switch the applied electrochemical stimulus to a cathodic reduction potential. The obtained results here should be referable for designing novel POM-based nanostructures. Meanwhile, such inorganic/ organic hybrid induced compartment-like hollow aggregates may play as vehicles for material transportation or act as a host for metal nanocrystals preparation, which should highly extend their applications in the elds of catalysis or drug delivery.
